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PREFACE

This Final Report summarizes a two-year research program initiated
in September 1979, sponsored by the Naval Air Development Center. The
NADC Program Monitor was Mr. Lee W. Gause.

All work was performed by the Composite Materials Research Group
within the Mechanical Engineering Department at the University of
Wyoming. Co-Principal Investigators were Mr. Edwin M. Odom, Staff
Engineer and Dr. Donald F. Adams, Professor. Mr. David E. Walrath,
Staff Engineer, also served as a Principal Investigator during the
initial phases of the study. Others making significant contributions
included Undergraduate Students Anthony Vercimak, David Cortes, Gregory
Morrison, Matthew Graf and Patrick Bishop, and Graduate Students Norris
Shippen, Raja Mohan and Jayant Mahishi. 1In particular, Mr. Mahishi

performed the specimen failure analysis of Section 5.
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SECTION 1

INTRODUCTION AND SUMMARY

1.1 Introduction

The Composite Materials Research Group at the University of Wyoming
has been performing research on the mechanical and physical behavior of
neat epoxy resins for over seven years. This research was initiated to
provide constituent properties for use in micromechanics analyses of
composite materials concurrently developed by the Composite Materials
Research Group. Previous results of this work are presented in
References {1-6], among other publications.

One area of research related to the properties of neat resin that
has not received much attention involves fatigue response. The
objective of the present program therefore was to continue previous work
for NADC [7], to supplement this information.

The present program entailed tension-tension and non-reversed
torsion cyclic loading of a neat (unreinforced) epoxy system, Hercules
3501-6, and a neat bismaleimide system, Hercules X4001, at ambient and
elevated temperatures. The Hercules 3501-6 epoxy is a 177°C (350°F)
cure system while the Hercules X400l bismaleimide is a 204°C (400°F)
cure system [8]. To perform this testing, high quality neat resin
specimens first had to be fabricated. Two different techniques were
developed during this program to successfully fabricate these specimens.
Full details of these methods are presented in Appendix A.

Static tensile tests were conducted at a rate of 2mm/min, while
torsion tests were conducted at 1 rad/min. All static testing was

performed in an Instron Model 1125 electromechanical testing machine.

et e
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The tensile fatigue testing was performed in an MTS Model 810
servohydraulic testing machine at 10 cycles/second, while the torsional
fatigue testing was performed in an Instron Model 1321 servohydraulic
testing machine at 3 cycles/sec. All fatigue tests were conducted using
an R ratio (minimum stress divided by peak stress) of 0.l.

Failed specimens from the static and fatigue tests were
subsequently examined utilizing a Scanning Electron Microscope (SEM) to
identify the failure modes.

1.2 Summary

It was found that both neat resin matrix materials, at both test
temperatures, and for both tensile and torsion fatigue, exhibited a
reduction in strength versus number of cycles initially. However, at a
defined number of fatigue cycles, a threshhold seemed to occur such that
there was 1little or no further reduction in fatigue strength with
increasing number of cycles, i.e., a knee in the S-N curve exists. The
exact location of this knee in terms of Qtress level and number of
cycles was difficult ‘to define.

Establishing the correct way of gripping neat resin fatigue
specimns to prevent fallure in the gripped area of the specimen was
difficult. However after many trials, several general rules to minimize
this problem were developed, which will be discussed in Section 2.

During the course of the present program, a moisture-precondition-
ing chamber failure occurred, the rapid loss of humidity causing most of
the specimens in the chamber at the time to crack due to stresses
induced by the high moisture gradient which developed. A study was

performed to better understand this phenomenon, the results being

presented in Section 5.
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SECTION 2

SPECIMEN CONFIGURATIONS AND TEST METHODS

2.1 Specimen Configurations

In order to generate valid mechanical properties test data, it is
first necessary to develop a proper specimen geometry. It must then be
practical to fabricate specimens to the geometry developed. Perhaps the
most important design aspect to note is that neat resins do not have the
same general behavior as metals. Therefore, utilizing a specimen
geometry which was developed for, and is well-suited to, metals will not
necessarily be successful. Since other groups may be interested in
testing neat resin specimens in the future, this section will include
general guidelines on the proper specimen geometries needed to test neat
resins. These guidelines will primarily deal with developing specimen
geometries for cyclic loading. It was found during this study that a
neat resin specimen geometry that can be successfully fatigue tested can
also be utilized for static testing. That is, testing in cyclic fatigue
is the more difficult task.

During the present program, two specimen geometries were utilized,
viz, a flat, rectangular cross section, dogbone-shaped specimen for
tensile tests, and a round cross section dogboned specimen for torsion
tests. These specimen geometries are shown in Figure 1. vAs stated
previously, there are general guidelines to be followed in establishing
a proper specimen geometry. In general the specimen must be dogboned,
to reduce the cross-sectional area in the central region of the specimen

and thereby force failure into the center portion of the specimen away

from the gripping region.
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b ;. Tensile Specimens, Bottom - Torsion Specimens).

e This 1is a standard consideration when testing materials, Special
';2 . difficulties arise when testing neat resin, however, due to the
s typically brittle nature of these materials. In fact, the difficulty
ﬂ; arises not in the gage length, but in the gripped area of the specimen.

8 : It was found that any stress concentration caused by gripping
el

"2,

o forces, or uneveness of the gripping faces, could be severe enough to
_$ cause specimen failure in the gripped section of the specimen during
b 7

'g cyclic loading. By successive trials it was found that the optimum
_f applied shear stress on the gripped section of the specimen should be
o about 700 kPa (100 psi). This value was then utilized to design the
- flat tensile specimens. The method utilized to calculate this value is
;’ shown in Figure 2. Unfortunately, this value wus established only after
N experiencing severe gripping difficulties with the round torsion
5

Qb specimen, which was designed with a larger value of the applied gripping
3

- i

o3
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(0.1
"

Shear stress

(Tgrip)
applied to
gripped area
of specimen

T~ —

— — (0.20")

(3.0")

(6.0")| P

(0.75"™)
IV

P= (‘Itlt) (cross-sectional area of gage section)

P= (¢ grip) (Area of specimen gripped)

| Y/ c _Cult) (Area of gage section)
grip (Area of specimen gripped)

-] (0.6 |

_ (10,000) (0.20 x 0.1)
Tgrip ™ "2 (0.6 x 1.5) = 109 psi

Figure 2. Method Utilized to Calculate Maximum Gripping Shear Stress
Needed for Tensile Specimens
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shear stress. The gripping shear stress value utilized for the round
specimen was about 2.2 MPa (325 psi). The method utilized to calculate
this value is shown in Figure 3.

It should be noted that a comparison of the calculated gripping

shear stress value to the ultimate shear strengths of the materials

tested and reported in Appendix B indicates the gripping shear stress

values are only about one to three percent of the ultimate shear
strengths. This would seem to be unnecessarily low. However, there are
two equally important factors involved in obtaining the gripping shear
stress i.e., the coefficient of friction between the grip faces and the
specimen, and the gripping force. If the coefficient of friction is
low, the gripping force must therefore be high. This creates a problem
in that a stress concentration occurs in the specimen in the region of
the specimen where the grip face first comes into contact. If the
coefficient of friction is increased, the gripping force can be reduced.
The difficulty here is that to get a higher coefficient of friction
between the specimen and the grip face requires that the grip face be
rough. However, the roughened faces can and will cause a stress
concentration in the specimen, leading to premature failure. The margin
between success and failure in gripping neat resin specimens during

cyclic loading tests can be quite small. For instance, it was found

‘that bonding 400-grit emery paper to the grip faces would allow the

specimen to be successfully fatigue tested without specimen slippage or
failure in the grips. However, using 150-grit emery paper consistently
caused failure in the grip region.

An important aspect in eventually solving the gripping problem in

this study was that the Hercules 3501-6 neat resin is optically

-6~
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Figure 3. Method Utilized to Calculate Maximum Gripping Shear Stress
Needed for Torsion Specimens.
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iss

-:;.. transparent and also photoelastic (birefringent)., A considerable effort
td

N was expended in observing specimens under load with a polariscope, to
:ﬁg evaluate the gripping problems encountered. This information is
2

<§: presented here in order to provide future investigators a tool to solve
& new gripping problems should they occur.

~ﬁ; One further aspect of torsion specimen design, which is not often
;Eﬁ considered, is the total specimen rotation to be required. This
. dictates the required grip and actuator rotation capability of the
‘ié testing machine. For the specimens of the present study, the length of
:iz the specimen subjected to torsion was 7.6 cm (3 in), the diameter of the
:3 gage section was 0.95 cm (0.375 in), and the ultimate shear strength was
'§£ assumed to be 86 MPa (12.5 ksi), the highest value measured for the
;EE resin systems of this study (see Appendix B), the shear modulus being
i 1.76 GPa (0.25 Msi). From Reference [9]:

_S T= %% and 9 =§%

2§ where T = applied torque

) : T = shear stress

~£§ J = polar moment of imertia

;;: c = specimen radius

‘; L = length of gage section

»’é G = shear modulus

'¢f 8 = rotation of specimen

FT Utilizing these two equations and the material properties and torsion
‘;é specimen geometry presented yields a rotation of 46°. This is a very
is large actuator rotation. 1In fact, the highest frequency at which the
f: Instron Model 1321 servohydraulic testing machine utilized in this study
]

X could operate was 4.5 Hertz for a 46° rotation. This frequency was

wh s e g
'.,'..".,.

‘ -;:
o
4
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EN
;E: reduced to 3 Hertz for this study, primarily to insure that the actuator
é- could follow the command signal precisely, and secondarily to prevent
%: excessive wear on the testing machine hydraulic hoses, which tended to
i% excessively vibrate at frequencies over 3 Hertz. The important point to
3 be obtained from the above example is that test machine performance must
?i be considered in the specimen design phase if the testing frequency is
iﬁ fixed.

: 2.2 Specimen Gripping
;?g Two different grips were utilized for testing the neat resin
izz specimens. For the flat-sided specimens, Instron Model 2710-003,
:I 1000-pound capacity, Screw-Action Grips were utilized. These grips are
Ez indicated in Figure 4. One face of these grips 1is adjustable to
:i compensate for specimen thickness, thus allowing for specimen alignment.

. The other face clamps against the specimen. An important feature of
EE these grips is a nylon compression washer which prevents the clamping
;? pressure from decaying during cyclic loading. These grips worked very
> well in terms of not slipping, and also in minimizing specimen breakage

1 at the gfip.

: It should be noted that standard wedge grips were initially tried
2 for tensile fatigue cycling of neat resin specimens. Typically, the
Sj specimen failed in the grips. This was attributed to the wedge action
>E§ of these grips continually increasing the gripping preséure during
..
t: cyclic loading. Wedge-action grips did work well for static testing,
Eﬁ however.
‘;3 Torsion fatigue specimens were gripped utilizing collets. This
%i grip is indicated in Figure 5. These grips were designed and fabricated
’S} in-house, for specific use in this program. For applied shear stress
< o
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Figure 4. Instron Screw-Action Grip Utilized for Tension Fatigue
Specimen

levels up to about 41 MPa (6 ksi) for the specimen geometry utilized in
this program, these grips worked well. Above this stress level, either
the grips tended to slip, or the griping pressure was high enough to
induce failure in the gripped area of the specimen. As a result of
these gripping problems, specimens could not be cycled with confidence
at stresses higher than about 41 MPa.

Reasons for these grips not performing as well as expected at high
stress levels will be presented here, in the spirit of providing future
investigators general information on the gripping of neat resin
specimens, The major difficulty in gripping round specimens is

associated with the geometry. To successfully grip a neat resin

-10-
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Figure 5. Collet Grip Utilized for Torsion Fatigue Specimens

specimen, a low clamping pressure over a large area is needed. In
gripping a round specimen, a difficulty arises in that for the round
specimen to be inserted into a collet grip, the radius of curvature of
the grip area has to be larger than the radius of curvature of the
specimen. However, during the clamping of the specimen, the radius of
curvature of the collet grip does not change. The specimen thus tends
to come into line contact with each of the centers of the the tangs of
the collet when it is tightened. Therefore, the area available to apply
the clamping force is limited. The approach utilized in the present
study to eliminate this problem entailed lining the inside of the collet
with 400-grit emery paper to increase the gripping action and to
distribute the clamping pressure more uniformly. This allowed the

cyclic loading of the specimens utilized in this study up to an applied

-11-
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stress of about 41 MPa (6 ksl), as previously noted. The second problem

in gripping round specimens with the collect grips utilized is that a

’é mechanism for preventing clamping pressure decay with time (relaxation)

;; is not available. Many of the specimens tested at higher stress levels
required intermittent tightening of the collet grips during the fatigue

[

~$ test, to prevent specimen slippage. Future work on torsion fatigue

é testing of neat resin specimens should include additional attention to

grip design and verification.
2,3 Test Matrix

The original test matrix for this program included tension-tension,

- A At

tension-compression, compression-compression and nonreversed torsion

»
L.

cyclic loading. Additionally, each of these loading modes was to be

Lt

X MA

22 performed at room temperature with no moisture conditioning, and at 66°C

(150°F) with specimens fully moisture-saturated. However, due to the
;% gripping difficulties explained previously, the test matrix had to be
E modified.

Specimen gripping problems suggested the elimination of tension-

Ny compression and compression-compression loading modes. The problem

‘5 encountered was that compression specimens require a large
7] cross—-sectional area in the gage section to prevent buckling. This
~§ necessitates very high gripping shear stresses, to induce high loadings
; in the specimen. As explained earlier, high gripping shear stressés are
&

not acceptable when conducting ratigue tests.

Moisture-saturated specimens were eliminated due to fully

v A

moisture-saturated specimens having a tendency to crack due to

4!'

moisture-induced stresses. This problem actually was observed three

times. The first and third times were after a minor humidity chamber

-12-
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malfunction occurred, causing the chamber to lose humidity. The

specimens started to rapidly dry out at their surfaces, causing a steep

N oum T W R

moisture gradient that induced very high hoop stresses in the round

dog-boned specimens, leading to failure by surface cracking. The second

5RO
A 5l oV sl

g - observation of moisture-induced specimen failure occurred when cyclic
38 loading testing was attempted. Since a test chamber which could control
;::.{ both temperature and relative humidity was not available, the
o

A

‘.\ moisture-preconditioned specimens were wrapped with a damp cloth to

prevent specimen dryout during testing. Periodically this cloth was

%: dampened. This approach was successful in protecting the gage section.
:' However, the portion of the specimen engaged by the grips could not be
P kept damp and consequently moisture-induced cracking occurred there.
‘?:3 Since this problem of specimen dryout could be encountered by future

investigators as well, it was modeled analytically to identify the

mechanisms that cause specimen failure. The‘ results of this study are

R
gl R
Ag My
L34

i presented in Section 5.
N As a result of the problems identified, the original test matrix
X was modified. The test matrix actually utilized in this study is
LW
]
\J presented in Table 1. All fatigue testing was performed with an R ratio
nY
o
- of 0.1. For the static tensile tests, standard extensometers were
o utilized to measure axial strain. Since a device for measuring
L
'f:-: torsional strain was not available, a rotometer was developed in-house.
il Details of this device are included in Appendix C.
w2
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B Table 1
X}
0 Test Matrix for Fatigue Characterization of
Hercules 3501-6 and X4001 Resins
i Loading Test Static Fatigue
N Material Mode Environment Tests Tests
5 3501-6 Tension- RT, Dry 5 20
Tension (10 Hz)
N Nonreversed RT, Dry 5 20
- Torsion (3 Hz)
; Tension- 88°C, Dry 5 20
Tension (10 Hz)
4
j Nonreversed 88°C, Dry 5 20
. Torsion (3 Hz)
X4001 Tension- RT, Dry 5 20
Tension (10 Hz)
E Nonreversed RT, Dry 5 20.
; Torsion (3 Hz) '
! Tension- 88°C, Dry 5 20
Tension (10 Hz)
L]
X Nonreversed 88°C, Dry 5 20
4 Torsion (3 Hz)
Totals : 40 160
X
i
y
-14-
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SECTION 3

PONCAE W VAP

EXPERIMENTAL RESULTS

e

o} 3.1 Tensile and Shear Fatigue Results

- The log cycles to failure versus peak tensile and shear stress

plots for the Hercules 3501-6 and X4001 neat resins at room temperature

< and 88°C (190°F) are presented in Figures 6 through 13. Several general
} comments apply tc all of these figures. First, there is evidence of a
; knee in every plot, and second, there is considerable variation in the
-2 cycles to failure for given stress levels. On each plot there are two
;’ lines drawn. The horizontal line is drawn at a constant stress level,
i the stress level at which it is estimated that the fatigue life would be
5

}é 106 c&cles or more. This line is extended to the left to 104 cycles.

The second line is drawn from the stress level at 10o cycles (the static

test value) to the intersection of the first line drawn and 104 cycles.
|

Taken together, these two lines tend to represent the fatigue life (the

Seda s e

b S-N curve) of the material. However, it must be emphasized that the
:g knee at lO4 cycles is a defined value, based upon judgment. Therefore,
.3 these lines should only be interpreted as trend indicators.
- In some instances the figures could be interpreted such that a
:i straight line would fit the data of Figures 6 through 13. However, the
Eé method utilized for generating these plots must be considered when an
Q; interpretation is made. There are two geﬁeral approaches for generating
i: a S~N curve. The first method entails testing a set number of specimens
\E at given stress levels. TFor example this approach might entail testing
X
- 5 specimens at 10 percent increments of the material ultimate strength.
e This method is recommended when very little knowledge of the fatigue
7 |
X
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. life is known about a particular material. The second approach entails

testing several specimens at intermediate stress levels, for example, 75

f\ percent of the ultimate material strength. A straight 1line drawn
;: between these results and the static ultimate strengths is utilized as a
- guide to selecting the stress level of the next tests. As more
fi: specimens are tested this line is refitted to the test data. This
§é~ approach works very well when the S-N curve is well behaved, i.e.,
% linear when plotted on a semi-log scale. From previous work [7] it was
EEE believed that neat resins were well behaved and consequently this
i; approach was utilized.

;:‘ In generating the S-N curves utilizing the approach outlined above,
53 it was found that at certain stress levels the specimens' fatigue life
EE would begin to vary widely. Many of the S-N plots shown in Figures 6
> through 13 indicate specimen fatigue lives that vary from less than 103
;; cycles to greater than 106 cycles at the same cyclic stress level. This
i; type of material response is not well understood. It coula suggest an
o endurance limit but the data is limited. Further, to prove the
f? existence of an endurance limit would require very long tésts, i.e., if
'§5 the variation in fatigue 1life observed in this program continued,
> specimen cycles at lower peak stess levels would exhibit fatigue lives
;E; varying from 104 to 107 cycles or 105 to 108 cycles and so on. Tests of
;ﬁ this duration are quite unreasonable to conduct from a time standpoint.
1;‘ Therefore, during the testing phase of this program when specimens began
A_ to have fatigue 1lives of 106 cycles at a certain stress level,
:?4 additional tests were conducted at varying stress levels to try to

k define this apparent change in material behavior.

As stated previously, there is considerable variation in the cycles

-24-
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to failure for given stress levels in the data plotted in Figures 6
through 13. Typically, when this variation in the data is anticipated,
more test specimens are prepared and tested in an attempt to get a
statistical average representing the <true material behavior. The
variation obtained during the present testing was not anticipated and
therefore only limited additional specimens had been prepared.
Available extra tensile test specimens of Hercules 3501-6 and X400l were
tested at 88°C (190°F), in an effort to further define the material
fatigue response and the knee that was apparent in the S-N curves.
Figures 7 and 9 indicate the S-N curves which include these additional
data. In comparing these figures to the other S-N curves, additional
specimens do improve the aesthetics of the S-N curve. However, the
visual best-fit lines drawn on these plots in the same manner as the
other plots do not fit any better or worse than on the other plots. It
is concluded that it is desirable to utilize additional specimens
when conducting fatigue tests on neat resins, but that a lesser number
of specimens can give a very good understanding of the wmaterial
behavior. It is suggested that future work be conducted utilizing 40 to
50 .specimens for each S-N curve, rather than the 20 specimens utilized
in the present program.

3.2 Specimen Self-Heating

Whenever polymer materials are subjected to cyclic loading, it 1is
necessary to be concerned with specimen heating. This concern was
addressed during the present study. Thermocouples were attached to
specimens and the temperature was monitored at various stress levels.
The largest tamperature rise above ambient conditions recorded was 7°C

(12°F), which occurred at room temperature for a Hercules 3501-6 tensile
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specimen tested at approximately 65 percent of the static ultimate.
Typically the temperature rise was 5 to 6°C (9 to 1l1°F) for both the
Hercules 3501-6 and the Hercules X4001, and appeared to be independent
of whether the test was tensile or torsion fatigue. Additionally, the
temperature rise was not any greater for higher stress level tests,
although this can somewhat be explained by the brevity of the teét
conducted at high stress levels.

After measuring the temperature rise and studying the fracture
surfaces of the failed specimens (discussed in Section 4), several
conclusions concerning specimen heating can be drawn. First, the S-N
plots indicated in Figures 6 through 13 are not dependent on specimen
heating. Seéond, test results of specimens tested at higher stress
levels indicate the same failure mode (as will be presented in Section
4) as specimens tested at lower stress levels. This infers that overall
specimen heating was not a factor in the failure process. Additionally,
the temperature monitoring tests described previously verify that little

specimen heating was evident.
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< SECTION 4

=

SCANNING ELECTRON MICROSCOPY OBSERVATIONS

.. 4.1 Specimen Preparation

~~

: The Composite Materials Research Group has been utilizing the

scanning electron microscope (SEM) in composite materials studies for

over 10 vears. However, very little has been done prior to the past two

AP P

) 0
-

years in examining neat resin failures. At present very little is known

about the causes of failure. After studying many SEM photographs, some

2

insights into specimen failure modes can now be put forward. These

O
3

-

insights are somewhat speculative, and are presented in the spirit of

offering an initial explanation that the reader can accept, reject or

7

; modify based upon the reader's own experience.

; Specimens were prepared for scanning electron microscope (SEM)

: observation by cutting the failure surface from the failed mechanical

. test specimens utilizing a Buehler No. 10-4150 silicon carbide cutoff

- disk. These failure surface specimens were bondéd to one-inch diameter

: specimen mounts wutilizing Ducco cement subsequently coated with

’ conducting paint. The mounted specimens were ultrasonically cleaned to

remove loose surface debris, and then vapor-coated with gold to make

a them electrically conductive. A _conductive surface 1s necesssary on

1 nonconducting materials such as epoxy to minimize the accumulation of

stray electrons on the fracture surface during SEM examination. This

.,' ' accumulation causes flaring during exposure to the electron beam. In
the photograph to be presented here, there will occasionally be small

. areas where flaring did occur. These areas are typically very sharp or

% jagged surfaces of the specimen where the gold did not deposit.

..";

;
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When photographs of failure surfaces are taken with the SEM, an
information banner is automatically placed across the bottom of the
photograph. 1In the present photographs, this banner consists of gray
alpha-numeric characters on a black background. Using Figure 14 of the
next section as an example of what these characters mean:

25 kV o electron beam accelerating voltage,
in kilovolts

X 22 magnification
4094 photograph number
100.0 length of scale, in micrometers

(the letter u replaces the Greek
symbol 1, representing micro)

uw 83 The SEM identification number,
i.e., University of Wyoming and
the current year 1983,

A total of 32 specimens were prepared for SEM observation. Of
these specimens, eight had been subjected to static tensile testing and
the remainder to fatigue testing. Photographs of the SEM observations
will be presented in this section and in Appendix D. These photographs
are presented in the spirit of providing a preliminary data base since
relatively 1little SEM study of fracture surfaces of these structural

epoxy resin materials has been performed in the past.

4.2 Typical SEM Photographs of Specimen Failure Surfaces

This section contains a sample of the many SEM photographs taken
(see Figure 14 through 23), to 1illustrate the conclusions to be
presented in the next section. Additional photographs are presented in
Appendix C. For each specimen failure surface studied, up to four SEM
photographs were taken, to fully document the fracture. All of these
photographs will not be presented in this section; additional
photographs are included in Appendix C.
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:$ a) Overall View of Specimen Failure Surface

. b) Close-up of Failure Initiation Site

. Figure 14. Static Tension, Specimen No. ZATL02, Room Temperature Test
W of Hercules 3501-6 Neat Epoxy Kesin (Specimen Failed at 70.3
=y MPa, i.e., 10.2 ksi).
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a) Overall View of Specimen Failure Surface
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Y b) Close-up of Failure Initiation Site

Figure 15. Static Tension, Specimen No. ZATLO3, Room Temperature Test
‘d of Hercules 3501-6 Neat Epoxy Resin (Specimen Failed at 68.2
W MPa, {i.e., 9.9 ksi).
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a) Overall View of Specimen Failure Surface

b) Close-up of Failure Initiation Site

Figure 16.

Static Tension, Specimen No. ZATLO4, Room Temperature Test
of Hercules 3501-6 Neat Epoxy Resin (Specimen Failed at 50.3
MPa, i.e., 7.3 ksi).
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Y a) Overall View of Specimen Failure Surface
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b) Close-up of Failure Initiation Site
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Figure 17. Static Tension, Specimen No. ZATLOl, Room Temperature Test
of Hercules 3501-6 Neat Epoxy Resin (Specimen Failed at 50.3
MPa, 1.e., 7.3 ksi).
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a) Overall View of Specimen Failure Surface

b) Close-up of Failure Initiation Site

Figure 18. Static Tension, Specimen No. ZBTLO7, Room Temperature Test
of Hercules X4001 Neat Bismaleimide Resin (Specimen Failed
at 75.8 MPa, i.e., 11.0 ksi).
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b) Close-up of Failure Initiation Site
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Figure 19. Static Tension, Specimen No. ZBTLO4, Room Temperature Test
of Hercules X4001 Neat Bismaleimide Resin (Specimen Failed
at 70.3 MPa, i.e., 10.2 ksi).
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a) Overall View of Specimen Failure Surface

b) Close-up of Failure Initiation Site

Figure 20. Static Tension, Specimen No. ZBTLO3, Room Temperature Test
of Hercules X4001 Neat Bismaleimide Resin (Specimen Failed
at 66.8 MPa, i.e., 9.7 ksi). 1
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a) Overall View of Specimen Failure Surface
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b) Close-up of Failure Initiation Site
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Figure 21. Static Tension, Specimen No. ZBTLO2, Room Temperature Test
of Hercules X4001 Neat Bismaleimide Resin (Specimen Failed
at 57.9 MPa, i.e., 8.4 ksi).
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a) Overall View of Specimen Failure Surface

b) Close-up of Failure Initiation Site

Figure 22, Cyclic Tensile Loading, Specimen No. NPTN20, Room
Temperature Test of Hercules 3501-6 Neat Epoxy Resin (23,510
Cycles to Failure).
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a) Overall View of Specimen Failure Surface

b) Close~up of Failure Initiation Site

Figure 23. Cyclic Torsion Loading, Specimen No. NTRT08, Room
Temperature Test of Hercules 3501-6 Neat Epoxy Resin
(414,870 Cycles to Failure).
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4.3 Summary of SEM Observations

This section will include observations of the fracture surfaces of
the SEM photographs presented in Section 4.2 and Appendix C.
Speculation as to what these observations indicate in terms of the
failure mode of neat resins will be presented in Section 4.4. The
observations noted are as follows:

1. The fracture surfaces of specimens tested either statically or
cyclically, in tension or torsion, at room temperature or
88°C (190°F), and of either resin system, i.e., Hercules
3501-6 or Hercules X4001, have the same characteristics. The
failure mode of the torsion specimens was actually a tensile
failure on the plane normal to the direction of maximum
principal stress, i.e., on a plane at 45° to the specimen
axis.

2. Nearly every specimen observed indicated that the failure
initiated at a microscopic void or inclusion, presumed to be
the "failure initiation site."

3. All specimens indicated a smooth circular-shaped area around
the void or inclusion. 1In cases where there was not an
obvious void or inclusion, careful observation of the center
of the smooth circular-shaped area indicated the probable
presence of some material anomaly.

4, All specimens exhibited a rough surface bordering the
circular-shaped area that extended to the boundaries of the
specimen cross section.

5. After studying the static tension test specimen failure

surfaces (Figures 14 through 21, included in Section 4.2), a
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conclusion can be drawn that the static strength of the neat

B, % 4t A

resin tensile specimens decreased with an increase in the size
L; of the smooth circular-shaped area.

6. For the static tension test specimens, the area of the smooth

ANGRECRIN

circular-shaped area increased in size with an increase in
size of the failure initiation site.
. 7. The statically and cyclically loaded specimens exhibited the
same failure surface characteristics. However, the smooth
i circular-shaped area for the cyclically loaded specimens was
larger in size than that of the statically loaded specimens.
8. For the cyclically loaded specimens, an increase in the size

- of the failure initiation site corresponded to a decrease in

)

the number of cycles to failure. However, a low number of
cycles to failure also typically inferred a higher cyclic
stress.

9. It was suspected that the smooth circular-shaped afea might be
a penny-shaped crack thgt propagated from the failure
initiation site. If so, during cyclic loading it would be

expected that this penny-shaped crack propagated in a

a"als" 8 2 &

start-stop manner. However, SEM observations at higher
magnifications offered no evidence of clamshell-type markings

to indicate that the smooth circular-shaped area was formed by

a propagating, self-arresting penny-shaped crack.

4.4 Interpretation of Specimen Failure Processes

As stated previously, only limited studies have been performed on

o, o

the failure process of neat resins of the present types. Therefore,

this section will include speculations as to the failure process
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% associated with these materials.

tz After examining the SEM photographs of the failure surfaces of
E\ specimens tested either statically or cyclically, in tension or torsion,
?? at room temperature or 88°C (190°F), and for each type of neat resin, a
2 general conclusion can be drawn. All the specimens failed in the same
= manner. There is evidence in all the specimen failure surfaces of a
3 failure initiation site, typically a void or inclusion, which is
3 surrounded by a smooth circular-shaped area. This circular-shaped area
N is surrounded by a very rough surface area that extends to the edges of
‘; the cross section of the specimen.

:: A simple explanation of these failures 1is that the failure

initiation site propagated into a penny-shaped crack, which upon

reaching a critical flaw size via stable crack growth, caused

JL N M Rl S 8-

catastrophic failure. The actual failure process in undoubtedly much

0

more complex. From observations of the failure surfaces of the fatigue

W
ij specimens it is concluded that the smooth appearing circular-shaped area
e probably occurred almost instantaneously during the initial portion of
3 the fracture process.

:3 If this surface area ‘resulted from a controlled (stable)
ét propagation of a penny-shaped crack, it would be reasonable to assume
;5 that during fatigue loading the growth of this area would be inter-
15 mittent. If so, it would be expected that this smooth area would show
i} evidence of this intermittent growth, i.e., clamshell markings. There
ié ) was no evidence of intermittent crack growth. Additionally, the simple
i‘ failure process presented implies that plastic deformation may be
o important during the failure process. The possibility of local plastic
‘E deformation is not rejected. However, it appears doubtf